We numerically and experimentally demonstrate strong coupling between the mid-infrared localized surface plasmon resonances supported by plasmonic metamaterials and the phonon vibrational resonances of polymethyl methacrylate (PMMA) molecules. The plasmonic resonances are tuned across the phonon resonance of PMMA molecules at 52 THz to observe the strong coupling, which manifests itself as an anti-crossing feature with two newly formed plasmon-phonon modes. It is also shown that the forbidden energy gap due to mode splitting is proportional to the overlapped optical power between the plasmonic resonance mode and the PMMA molecules, providing an effective approach for manipulating the coupling strength of light-matter interaction. 
Introduction
Metamaterials are artificially engineered structures designed to exhibit extraordinary optical properties that are not achievable in natural materials. Metamaterials have been used to realize many intriguing applications such as negative refraction [1, 2] , super-resolution imaging [3, 4] , invisibility cloaking [5] , subwavelength indefinite cavity [6] , near-zero permittivity [7] , and perfect absorber [8, 9] . In particular, plasmonic metamaterials supporting localized surface plasmon resonances (LSPRs) can confine the electromagnetic fields at the subwavelength scale and therefore greatly enhance the near-field coupling effects and the light-matter interactions. Such capability of plasmonic metamaterials enables many biosensing applications such as surface-enhanced Raman scattering (SERS) [10] and surfaceenhanced infrared absorption (SEIRA) [11] .
In addition, plasmonic resonances can be simply tuned by varying the geometrical factors to exactly match the targeted optical frequencies from the visible [12] to infrared regime [13, 14] . The interactions between different types of plasmonic resonances have resulted in extraordinary phenomena, such as Fano resonance [15] , electromagnetically induced transparency [16] , electromagnetically induced absorption [17] , and superscattering behavior [18] [19] [20] . On the other hand, the coupling between plasmonic resonances and phonon vibrational resonances of molecules through near field interactions can give rise to a new set of splitting plasmon-phonon modes with anti-crossing behavior [21] [22] [23] . Such strong coupling can also be realized by using the Fabry-Pérot cavity [24] . The strong coupling can be controlled using the capacitance of metamaterial nanocavities [25] . Here, we explore the strong coupling between the mid-infrared localized plasmonic resonances in metamaterials and the phonon vibrational resonances of PMMA molecules, and demonstrate the anticrossing feature with two plasmon-phonon eigenmodes. Furthermore, it is shown that the mode coupling strength can be controlled by the variation of the thickness of PMMA layer. Figure 1 (a) illustrates the schematic of plasmonic metamaterials used to study their interaction with PMMA molecules. A 50-nm-thick continuous gold film was deposited on a glass substrate with electron-beam evaporation. Then the designed cross-shaped aperture array was milled into the gold film using a focused ion beam (with the voltage and current of the ion beam as 30 kV and 100 pA), with the dimensions of aperture length l = 0.8P, and aperture width w = 0.15P, where P is the period of the cross-shaped aperture. Figure 1(b) shows a scanning electron microscope image of the top view of the fabricated plasmonic metamaterials. The optical properties of plasmonic metamaterials were simulated by a Finite Integration Time Domain solver (CST Microwave Studio software package). The permittivity of gold in the infrared spectral regime is described by the Drude model 2 2 ( )
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, where the background dielectric constant ε ∞ = 1, the plasma frequency ω p = 1.37 × 10 16 rad/s, and the damping constant γ p = 4.08 × 10 13 rad/s. Due to the surface scattering, grain boundary effects, and the gallium ion contamination in thin films, the damping constant of the gold film is set to be five times as that of bulk gold in the simulation in order to match the experimental results. The optical reflection spectra were measured with a Fourier transform infrared spectrometer (FTIR, Nicolet 6700) connected to an infrared microscope. The normal incident light is polarized in x direction by using a linear polarizer. Figures 1(c) and 1(d) show the simulated and measured reflectance spectra of bare aperture arrays with different periods, respectively. The simulation and experimental results match well with each other. It is shown that the plasmonic resonance frequencies of cross-shaped apertures can be tuned in a broad band by stretching the period to cover the phonon vibrational frequency of PMMA molecules at 52THz. The top panel in Fig. 2 shows that the plasmonic resonance frequency of the bare aperture array with the period of 2.35 μm is ω bare = 57 THz. In order to study the strong interaction between plasmon and phonon resonances, a thin layer of PMMA molecules dissolved in anisole (950A-2, Microchem) is deposited by spin coating on the top of the fabricated bare metamaterials. The PMMA film will introduce not only the phonon vibrational resonance but also the increased effective refractive index. The middle panel shows that the plasmonic resonance frequency is red shifted to ω m = 52 THz for the uncoupled metamaterials coated with a 180-nm-thick PMMA film but in absence of the phonon vibrational resonance, where the permittivity of PMMA is assumed to be a constant (ε PMMA = 2.2) without taking into account the phonon mode. The uncoupled plasmonic resonance frequency ω m is designed around 52 THz in order to match the phonon vibrational frequency of PMMA molecules. The bottom panel in Fig. 2 shows the agreement between the simulated and FTIR measured reflectance spectra when considering the phonon vibrational mode in the permittivity of PMMA. The permittivity of actual PMMA film can be modeled as a Lorentz oscillator [26, 27] . The Lorentz permittivity ε Lorentz of 0.018 and the Lorentz damping rate δ 0 of 8.0 × 10 11 rad/s have been selected to provide a close matching with the experimental result. The uncoupled plasmonic resonance (ω m ) strongly interacts with the phonon vibrational resonance of PMMA molecules (ω 0 ) in the near field, resulting in two coupled plasmon-phonon modes (ω ± ) that produce a unique dual resonance feature in the reflectance spectrum. The strong coupling between the localized plasmons and the phonons opens a reflectance window with two new reflectance minima around the frequency of 52 THz. The forbidden energy gap (Ω = ω + -ω -) between the two coupled plasmon-phonon modes is found to be 2.6 THz. In order to demonstrate the expected anti-crossing behavior for strong coupling, twentyfour cross-shaped aperture arrays with different periods changing from 1.9 to 2.8 μm were fabricated and characterized. The geometrically stretching the dimensions of plasmonic metamaterials allows a stepwise sweep of the uncoupled resonance frequency ω m across the phonon vibrational frequency of PMMA molecules. Figure 3(a) shows the reflectance spectra of bare metamaterials as a function of the resonance frequency of bare metamaterial ω bare . Figures 3(b) and 3(c) show the good agreement between the simulated and measured reflectance spectra for the coupled systems as a function of the resonance frequency of bare metamaterial ω bare , where the cross-shaped aperture arrays are coated with 180-nm-thick PMMA film on the top. The white dashed curves indicate the locations of reflectance minima. Due to the strong coupling between the plasmonic resonances and the phonon modes of PMMA molecules, we observe a clear anti-crossing behavior of two plasmon-phonon eigenmode branches, resulting in a forbidden energy gap. 
Tuning the forbidden energy gap by varying the thickness of PMMA layer
The coupling strength between the plasmonic resonances and the phonon vibrational modes can be further tuned by the thicknesses of PMMA film. Here PMMA films with three different thicknesses of t = 40, 100, and 180 nm are spin coated on the cross-shaped aperture arrays with various periods. The thickness of PMMA film is controlled by varying the PMMA molecule concentration in anisole solvent and the spin-coating speed. The X-ray reflectivity measurement is used to measure the PMMA thickness of 40 and 100 nm, while the 180 nm thickness is measured by the cross-section characterization using a focused ion beam system. All the uncoupled plasmonic resonances are designed nearly equal to the phonon vibrational frequency of PMMA molecules at 52 THz. As shown in Fig. 4(a) , the dual resonance features are found for all the three cases in both the simulated and measured reflectance spectra, and the resonances get stronger as the PMMA thickness is increased. The window reflectance maximum is about 25% for the thinnest PMMA layer of t = 40 nm, and it increases to 40% when t = 180 nm, indicating that the thicker PMMA layer will induce the stronger plasmon-phonon coupling strength. The change of coupling strength can also be revealed by the forbidden energy gaps between two plasmon-phonon eigenmode branches. As shown in Fig. 4(b) , the forbidden energy gap Ω gets larger from 1.9 THz to 2.2 and 2.6 THz as the PMMA thickness is increased from 40 nm to 100 and 180 nm. These results match the analysis from the model of coupled harmonic oscillators, where the mode splitting gap increases with the coupling strength [22, 28] . As a result, the plasmon-phonon coupling strength can be controlled by varying the PMMA thickness. It is worth mentioning that, theoretically, the reflectance at the gap center (such as in Fig. 4(a) ) could reach to 1 if the coupling strength between the plasmonic modes and the PMMA phonons is strong enough and both the optical loss of plasmonic modes and the damping loss of phonon vibrational modes in PMMA molecules can be neglected. However, in reality, there is non-negligible loss in the coupled system so that the reflectance peak within the forbidden energy gap will be lower than 1. Since the electric field of plasmonic resonance mode exponentially decays above the metamaterial surface, the PMMA films coated on the top of metamaterials with different thicknesses will have different overlapped volumes with the confined plasmonic modes. In order to quantitatively study the relation between the coupling strength and the PMMA thickness, the electric field distribution of the coupled system at the middle plane of the crossshaped aperture is calculated, as shown in Fig. 5(a) . As expected, the electric field is mostly confined around the metamaterial surface, and decays fast into the PMMA film or the glass substrate. Figure 5(b) shows the electric field profile on the white dashed curve indicated in Fig. 5(a) . The regions of I, II, and III represent the areas of glass substrate, gold layer, and PMMA film, respectively. The 1/e decay length of the confined electric field is about 350 nm above the metamaterial surface. Thus, the overlapped volume between the plasmonic resonance mode and the PMMA molecules significantly increases with the PMMA thickness, as long as the PMMA thickness is less than the 1/e decay length of 350 nm. It can then be assumed that the confined electrical field exponentially decays with a rate of α = 2.9 μm
away from the metamaterial-PMMA interface, and can be described by
, where E 0 is the electric field at the metamaterial surface. The total overlapped optical power between the plasmonic resonance mode and the PMMA molecules on the electric field profile can then be described as:
(1 exp ( 2 )) ,
where A is a coefficient, and A 0 is the overlapped optical power for zero PMMA thickness. Note that actually A 0 indicates the overlapped optical power between the plasmonic resonance mode and the PMMA molecules filled inside the cross-shaped apertures, which is not zero.
Since the coupling strength depends on both the plasmonic near field intensity and the overlapped mode volume with PMMA molecules, the amount of the overlapped optical power P tot described in Eq. (1) is proportional to the forbidden energy gap Ω as a function of the PMMA thickness, which can be calculated as,
where B and B 0 are two fitting parameters in THz. We simulated the forbidden energy gap for the PMMA thickness from 50 nm to 700 nm, as shown in Fig. 5(c) . The fitting result for Ω using Eq. (2) with B = 2.4 THz and B 0 = 1.35 THz (black dashed curve) shows a good agreement with the simulated results (black squares) and the measured data for three PMMA thicknesses (red triangles). Since surface plasmons are confined around the interface at the metallic layer and the PMMA dielectric layer, as shown in Fig. 5(a) , the plasmonic field will be concentrated at the metal-PMMA interface and it will decay quickly far from the interface as the PMMA thickness increases. Thus, the coupling between the plasmonic modes and the PMMA molecules will be strong near the interface and gets weaker far away from the interface. Based on our analysis in Fig. 5(c) , the forbidden energy gap grows quickly as the PMMA thickness increases within the decay length of 350 nm. For PMMA molecules more than 350 nm above the interface, the coupling strength between the plasmonic modes and the PMMA phonons is actually very weak so that the forbidden energy gap will be saturated at around 3.75 THz, due to the near-field effect of the plasmon-phonon coupling. It is shown that the control of overlapped optical power with different PMMA thicknesses provides an effective approach to tune the plasmon-photon coupling strength. 
Conclusion
We have demonstrated the strong coupling between the mid-infrared localized surface plasmon resonances in plasmonic metamaterials and the phonon vibrational resonances of PMMA molecules. The strong coupling presents as an anti-crossing feature with two newly formed plasmon-phonon eigenmodes. It is also demonstrated that the overlapped optical power between the plasmonic resonance mode and the PMMA molecules is a crucial parameter to determine the coupling strength for light-matter interaction and is proportional to the forbidden energy gap as the function of PMMA thickness. By changing the thickness of the coated PMMA film in the range of less than the decay length of the electric field, we can tune the forbidden energy gap. Our study provides an effective approach to manipulate the coupling strength for light-matter interaction by simply varying the overlapped volume between the optical resonance mode and the active medium. Our demonstration can also be used for mid-infrared molecular sensing applications.
